Electronic level schemes with the host valence and conduction band together with the level locations of ground and excited states of defects are used to explain and predict luminescence and carrier trapping phenomena. These schemes are always constructed and interpreted by using the electron picture. In this work the alternative hole picture is presented. Such picture is sometimes used in the field of semi-conductors but hardly ever in the field of wide band gap inorganic compounds. We will focus on the lanthanides, and first show where to draw the hole ground state and excited hole states in our scheme. It leads to up-side-down Dieke diagrams and up-sidedown configuration coordinate diagrams but for the rest everything is equivalent to the electron picture. With the hole picture, luminescence quenching via hole ionization to the valence band and hole trapping in defects can be illustrated much more conveniently than with the electron picture. As examples the quenching of the 
Introduction
An electronic level scheme is a scheme that shows the level energies of a luminescence center or carrier trapping center with respect to the host valence and conduction bands. Such scheme is always constructed from the perspective of the electron, and is then used to illustrate the path of the electron during excitation, ionization, trapping, recombination, emission, tunnelling etc. We are raised with such schemes and so used to it that we also apply it in cases when another type of scheme may be more appropriate. In describing charge carrier trapping in persistent luminescence phosphors we tend to focus on the electron trap and always seem to forget about the hole trap, although its role in the trapping mechanism is of equal importance. Luminescence quenching via electron ionization to the conduction band is well understood and described with a level scheme using the electron picture. Luminescence quenching via hole ionization to the valence band is also a possible quenching route. Such quenching appears difficult to illustrate with the electron picture, yet we frequently tend to use it.
This work first illustrates the electron picture to show what it can be used for. Because there is good information on lanthanide level locations the focus is on that group of elements. The problems that arise with the electron picture when describing how a hole is being trapped and how luminescence is quenched by hole ionization to the valence band is illustrated. Next the alternative hole picture is presented. It is hardly ever used for wide band gap inorganic compounds but is occasionally used to describe luminescence of transition metals in small band-gap semi-conductors like GaN:Fe 3+ [1] [5] . The right hand side of Fig. 1 shows the coordinate configurational diagram (CCD) often used to explain luminescence quenching via the CB. Here it applies to the quenching of the 5d-4f emission of Ce 3+ in YPO 4 but it equally well applies to the 5d-4f emission of Eu 2+ [6] or to the emissions from the D 4 5 level of Tb 3+ in compounds with low lying conduction bands [7] . The excited 5d-state parabola is slightly shifted to another configuration coordinate because of lattice relaxation. After or during thermal ionization (arrow 3) of the excited 5d-electron, a much stronger lattice relaxation takes place leading to a more offset CTparabola. The ionized electron may return radiation less (arrow 6) to the 4f ground state and emission will be quenched. The energy barrier for thermal quenching is then related to the energy difference between the 5d-level location and the CB-bottom. Note that in the level scheme and also in the CC-diagram we follow the path of the electron, and these are therefore illustrations in the electron picture. definitely not created but an electron is excited from an anion. In the electron picture the drawn CCD is somewhat misleading, i.e., it cannot be used to follow the path of the electron.
The hole picture
The above problems of illustrating and describing hole capture, excitation of Eu 3+ emission via the CT-state, and the quenching of its emission via that same state can all be solved by changing the electron picture for the hole picture. Fig. 3 is a level scheme using such hole picture. Here, a hole (or missing electron) moves upward in a diagram to lower its energy. Across band gap excitation is then represented by a downward pointing arrow from the completely hole filled CB to the hole empty VB as illustrated by the downward pointing arrow 1. This transition is equivalent with the upward pointing arrow 1 in the Fig. 3 connects, in the electron picture, the ground state electron levels of the divalent lanthanides. In the hole picture, however, the same zigzag curve connects the ground state levels of the holes in the trivalent lanthanides. The curve and the states can therefore be labelled as Ln
. Such notation is quite common in semi-conductor physics when dealing with electron donor and electron acceptor states. Donor ionization is then the same as the electron transfer to the CB and acceptor ionization is the hole transfer to the VB.
Returning Fig. 2 has disappeared. The CC-diagram of the Struck and Fonger model that cannot be used to follow the path of the electron makes perfect sense in the hole picture. All transitions and parabolas should refer to hole states instead of electron states, and then one may follow the path of the hole during excitation, relaxation, emission or quenching. The description of hole trapping from the valence band in the hole picture is entirely similar to the description of electron trapping from the conduction band in the electron picture. Also the route of the electron in the CCD when describing quenching via thermal ionization to the CB in the electron picture is entirely similar to that of the hole in the hole picture.
Luminescence quenching by electron or by hole ionization
Generally the thermal quenching of luminescence intensity I(T) with temperature T can be expressed by
where Γ ν is the radiative decay rate, Γ 0 is the attempt rate for thermal quenching, k B is the Boltzmann constant, and E Δ is the energy barrier for thermal quenching. The attempt rate Γ 0 has similar magnitude as the maximum phonon frequency in compounds. It is typically − × 1 3 10 Hz g.s. and the CBbottom. Most of the data on transition metal based compounds is from [7] , and data from literature on other compounds were added [14] [15] [16] . To establish the VRBE at the CB-bottom, we used the latest set of parameter values for VRBE construction as proposed in [17] . By using a typical radiative decay rate of 500 Hz (2 ms) for the D 4 5 emissions and Eq. (1), the quenching temperature T 0.5 is predicted to change with about 475 K/eV. The dashed line in Fig. 4 was constructed with that slope, and indeed data tend to scatter around that line. The intercept with the horizontal axis is near 2.95 eV which is 0.4 eV above the emitting D 4 5 level. This energy can be regarded as a measure for the energy lost in lattice relaxation. N.B. the energy difference − F ΔE( CB 6 7 ) is the energy of the IVCT band that can be observed in excitation spectra of Tb 3+ emission [13] .
To illustrate quenching via hole ionization one may use data on the quenching of
emissions. Fig. 5 shows the onset temperature T k -for thermal quenching of Eu 3+ emission against the energy of the CTband as was presented in [17] . The typical radiative rate for the Eu emissions, 500 Hz (2 ms), and when we assume that the onset of thermal quenching corresponds with the temperature T 0.1 where emission intensity has dropped by 10% we predict with Eq. (1) that T 0.1 will change with 430 K/eV. In Fig. 5 a line with such slope has been constructed, and indeed data tend to scatter around such line with an intercept on the horizontal axis about 0.6 eV above the energy of the D 0 5 level. Note that 0.6 eV is also the typical width of the Eu 3+ CT-band [18] and it is indicative for the amount of energy that is lost in lattice relaxation.
Summary and conclusions
This work demonstrates that the difficulties that arise to describe VB hole trapping, Yb 3+ CT-luminescence, and luminescence quenching of Eu 3+ emission when using the electron picture vanish when using the hole picture. The hole ground state of a trivalent lanthanide should be 
